We present a direct numerical simulation to investigate the dynamics and statistics of reorientations of large-scale circulation (LSC) in turbulent rotating RayleighBénard convection (RRBC) for air (P r = 0.7) contained in a cylindrical cell with unit aspect ratio. A wide range of rotation rates (0 ≤ Ro −1 ≤ 30) is considered for two different Rayleigh numbers Ra = 2 × 10 6 and 2 × 10 7 . Using the Fourier mode analysis of time series data obtained from the different probes placed in the azimuthal direction of the container at the mid-plane, the orientation and associated dynamics of LSC are characterized. The amplitude of the first Fourier mode quantifies the strength of LSC and its phase Φ 1 gives the information of the azimuthal orientation of LSC. Based on the energy contained in the Fourier modes different flow regimes are identified as the rotation rate is varied for a given Rayleigh number. LSC structure is observed in the low rotation regime ( Ro −1 < ∼ 1). A strong correlation between the orientation of LSC structure and the heat transfer and boundary layer dynamics is observed. In the LSC regime, the dissipation rates follow the log-normal behaviour, while at higher rotation rates, a clear departure from log-normality is noticed. Different types of reorientations, namely, rotation-led, cessation-led, partial and complete reversal are identified. The distribution of change in orientation of LSC follows a power law behaviour as P (|∆Φ 1 |) ∝ |∆Φ 1 | −m , with the exponent m ≈ 3.7. In addition, the statistics of time interval between successive reorientations follow a Poisson distribution. These observations are in good agreement with earlier experimental results.
We present a direct numerical simulation to investigate the dynamics and statistics of reorientations of large-scale circulation (LSC) in turbulent rotating RayleighBénard convection (RRBC) for air (P r = 0.7) contained in a cylindrical cell with unit aspect ratio. A wide range of rotation rates (0 ≤ Ro −1 ≤ 30) is considered for two different Rayleigh numbers Ra = 2 × 10 6 and 2 × 10 7 . Using the Fourier mode analysis of time series data obtained from the different probes placed in the azimuthal direction of the container at the mid-plane, the orientation and associated dynamics of LSC are characterized. The amplitude of the first Fourier mode quantifies the strength of LSC and its phase Φ 1 gives the information of the azimuthal orientation of LSC. Based on the energy contained in the Fourier modes different flow regimes are identified as the rotation rate is varied for a given Rayleigh number. LSC structure is observed in the low rotation regime ( Ro −1 < ∼ 1). A strong correlation between the orientation of LSC structure and the heat transfer and boundary layer dynamics is observed. In the LSC regime, the dissipation rates follow the log-normal behaviour, while at higher rotation rates, a clear departure from log-normality is noticed. Different types of reorientations, namely, rotation-led, cessation-led, partial and complete reversal are identified. The distribution of change in orientation of LSC follows a power law behaviour as P (|∆Φ 1 |) ∝ |∆Φ 1 | −m , with the exponent m ≈ 3.7. In addition, the statistics of time interval between successive reorientations follow a Poisson distribution. These observations are in good agreement with earlier experimental results.
I. INTRODUCTION
Thermal convection has been of major interest to the scientific community owing to its ubiquitous presence in many natural flows and engineering applications. Rayleigh-Bénard convection (RBC), in which a thin fluid layer is confined between a hot isothermal plate at the bottom and cold isothermal plate at the top, is an ideal prototype model to study convective turbulence. It is one of the few systems in which the flow approaches to the turbulent state upon increase in the parameter quite systematically, i.e., static region is followed by the time dependent region and then chaos which is followed by the spatiotemporal chaos and then turbulence 1 . Flow characteristics of RBC depend on the Rayleigh number Ra = gβ∆T H 3 /να, the Prandtl number P r = ν/α and the aspect ratio Γ = D/H, the ratio of the horizontal to the vertical dimension of the container. Where ∆T is the temperature difference between the bottom and top plates, g the acceleration due to gravity, and α, β and ν are respectively the thermal diffusivity, thermal expansion coefficient and kinematic viscosity of the fluid. The other parameters which are important are the Nusselt number N u, defined as the ratio of the total heat flux to conductive heat flux and the Rossby number Ro = V /2ΩH (in case of rotating RBC), where V is the free-fall velocity and Ω is the rotation rate.
In turbulent state of RBC above a threshold Rayleigh number statistical coherence of the flow is restored with the appearance of large-scale circulation also known as "mean-wind" with turbulent background which is a self-organized structure having length scale of order of size of the container and time-scale of the order of eddy turn-over time. [1] [2] [3] [4] [5] [6] [7] [8] [9] On the course of time, the plane containing LSC exhibits change in its orientation also known as reorientations of LSC, which can occur in two ways in cylindrical domain: (a) by an azimuthal rotation of the plane containing LSC without considerable change in the circulation strength 10, 11 , called as rotation-led reorientation. (b) by momentary vanishing of the circulation strength accompanied by arbitrary change in the orientation of flow, termed as cessation-led reorientation 11, 12 . Reorientations in which the large-scale flow completely changes its direction of circulation are termed as flow reversals 10 . Azimuthal changes in the orientation of LSC has been previously observed by many researchers [13] [14] [15] [16] [17] [18] [19] . Sudden changes in the orientation of LSC are not only interesting phenomenon, but are extremely relevant in many of the geophysical and astrophysical flows. For example, field reversals are common in the natural convection of Earth's atmosphere 20 , magnetic field reversals in geodynamo 21 , etc. Understanding the genesis of LSC and the nature of the instabilities that lead to the reorientations of LSC is one of the classical problems in RBC 22 .
Experiments have played a key role in understanding the characteristics and dynamics of LSC in turbulent RBC. Cioni et al 10 identified LSC from dipolar temperature distribution obtained from probes placed along the azimuth of the container. Reversals in the flow were also obtained as the fluctuations in temperature switched sign randomly. They computed the Fourier transform of the temperature field along the azimuthal direction and observed that the amplitude of the first Fourier mode fluctuates about a finite value. However, the phase changes by π-radians time to time indicating the flow reversals. Niemela et al. 23 and Sreenivasan et al. 18 also performed experiments in turbulent RBC with helium and reported reversals of LSC. Similar experiments were carried out by Brown et al. 11 and Brown and Ahlers 17 with water as the working fluid. The probes were placed at three different horizontal planes (z = 1/4H, 1/2H and 3/4H) to get better idea on the dynamics of LSC. They identified reorientations of LSC using the phase of the first Fourier mode Φ 1 , and quantified them as rotation-led and cessation-led based on the amplitude of the modes. Brown and Ahlers 17 observed that rotation-led reorientations were more frequent than cessationled reorientations. The rotation-led reorientations exhibited power law distribution, while cessation-led reorientations followed uniform distribution. Further, both rotations and cessations showed Poisson distribution in time. They observed that the probability density function (PDF) of time interval between successive reorientations follows an exponential function. Similar observations were made by Xi and Xia 19 . However, Sreenivasan et al.
18
showed that although the PDF of time interval between successive reorientations shows exponential nature, for lower time intervals it could be well fitted with power law distribution. Xi and Xia 19 experimentally studied the aspect ratio dependency of reorientations in turbulent RBC. They observed that in contrast to the power law distribution in unit aspect ratio container, reorientations in Γ = 0.5 geometry follows an exponential distribution. In another study 24 they found that the reorientations occur with an order-of-magnitude more frequently in Γ = 0.5 than these happen in Γ = 1. Funfschilling and Ahlers 25 observed that in addition to the azimuthal meandering of direction of circulation, the upper and lower halves of LSC are also found to undergo twisting oscillations.
The numerical studies on the reorientations or reversals of LSC in RBC are rare compared to the experimental ones. Verzicco and Camussi 26 performed a detailed numerical study on the effect of Prandtl number on the dynamics of convective turbulent flow inside a cylindrical cell. They noticed that there is significant drop in Nusselt number when the strength of LSC decreases for lower P r compared to higher P r. Later Stringano and Verzicco 27 studied the mean flow structure in RBC in a slender cylindrical cell and observed a single convection roll breaking into two counter-rotating rolls stacked vertically one above the other. Benzi and Verzicco 28 numerically investigated the statistical properties of the large scale flow in RBC at P r = 0.7 and Ra = 6 × 10 5 , by using an external random perturbation on the temperature field. A detailed numerical study on the dynamics of reorientations of LSC in RBC was carried out by Mishra et al. 29 , where they reproduced the experimentally observed rotation-led reorientations, cessation-led reorientations and double-cessations for a Rayleigh number range 6 × 10 5 ≤ Ra ≤ 3 × 10 7 which is considerably lower than the experimental counterparts.
Over the years many works on LSC dynamics in 2D RBC have reported that corner-rolls play an important role in flow reversals. Here the LSC is confined to a single plane and the complicated three-dimensional dynamics are absent 12, [30] [31] [32] . Sugiyama et al. 33 combined both numerical and experimental analysis to evaluate the LSC dynamics in 2D/quasi-2D systems for a range of Ra and P r. The kinetic energy and size of the corner-rolls grow with time as a result of plume detachments from the boundary layers, and finally they take over the main large-scale diagonal flow, thus resulting in reversal. Similar relevance of corner-rolls in flow reversals has been reported in many numerical and experimental studies in 2D/quasi-2D systems [34] [35] [36] [37] [38] [39] . However in 3-dimensional flow these phenomena are much complex. It is established that corner-rolls do exist in 3-D systems also 6, 40 , but unlike the 2D/quasi-2D counterparts, these rolls are not strictly confined in the LSC plane (for 3-D systems). Resultantly, when fed with energy, the corner rolls need not essentially grow in diameter at the expense of shrinking the main LSC roll; rather, they can move or grow outside the LSC plane. De and Mishra 41 investigated the dynamics of the LSC in the turbulent RBC (2 × 10 6 ≤ Ra ≤ 2 × 10 7 ) inside a cubic box and reported that the plane containing LSC is aligned along one of the diagonal direction of the box. Further, they observed that over the course of time this plane containing LSC undergoes intermittent and chaotic switching between the two diagonals. Recent simulations by De et al. 42 have shown that in case of periodic boundary conditions, the thermal plumes drift in the lateral direction that leads to the flow reversals.
Although, there are many existing literatures on the reorientation dynamics of LSC in turbulent RBC, the effect of rotation on these dynamics is less explored. Kunnen et al. 43 investigated RRBC both numerically and experimentally at Ra = 2 × 10 9 and P r = 6.4. At low rotation rates a domain-filling LSC was observed (Ro −1 < ∼ 0.83), while it breaks down at higher rotation rates. At higher rotation rates the Ekman-vortex structures diminishes the strength of the LSC, and as a result for Ro −1 significantly above unity, the LSC structure breaks down 44, 45 . They observed a retrograde precession of the LSC structure which depends on the rotation rate. However, prograde precession of the LSC at modest rotation rates (Ro −1 < ∼ 1) was observed by Weiss and Ahlers 46 in their experimental investigations on RRBC in cylinder with aspect ratio Γ = 0.5 for Rayleigh number range 2.3 × 10 9 < ∼ Ra < ∼ 7.2 × 10 10 . Further, they observed that for taller aspect ratio containers LSC can exist as single-roll or double-roll systems and modest rotation has an effect of stabilizing the single-roll and destabilizing the double roll. This was later numerically observed by Stevens et al. 47 for the same parameter range.
The questions which revolve around the research of the dynamics of LSC are: how the coherent structure appears amidst the turbulent background; how the heat transfer and boundary layer dynamics get affected due to its presence; what are the different characteristics of the reorientations and the corresponding distributions of occurrence of these events, etc. As discussed above there are many experimental works which have taken lead in these directions, but still comprehensive numerical and theoretical studies which may give some quantitative picture to them are lacking. In this paper, using the direct numerical simulations of RRBC we have been able to distinguish the different flow regimes (LSC dominated or not) by calculating relative energy contained in the Fourier mode corresponding to the LSC. We have identified a threshold value of the rotation rate below which the flow is mainly LSC dominated. Further, we have computed the variation in the boundary layer width in the plane in which LSC is confined and quantitatively showed its overall effect on the heat transfer rate. We have also identified the presence of different kind of reorientations, like, rotation-led and cessation-led, same as RBC and have extensively showed the effect of rotation on these events. Interestingly through our numerical work we have been able to consider the statistics of reorientations, which have not been previously attempted numerically and obtain the power law characteristics of them which are very close to the earlier experimental results.
The paper is organized as follows. Section II details the mathematical formulations and numerical methods used along with grid independence study. The results of the present study with detailed discussions on the dynamics of reorientations of LSC and flow statistics are summarized in section III. Finally, the present work is concluded by section IV by outlining the main findings.
II. NUMERICAL DETAILS
In this section, we briefly describe the mathematical formulations of the problem followed by grid independence study. A schematic diagram of the flow domain with relevant boundary conditions used is shown in Fig. 1(a) . We consider a cylindrical cell of unit aspect ratio Γ = D/H with bottom heated (T H ) and top cooled (T C ) configuration. Rotation is applied about the vertical axis of the cylinder. Mathematically the problem can be described using the momentum, mass and energy conservation equations written in the rotating frame of reference using the Boussinesq approximation as
where u is the velocity in the rotating frame, P is the modified pressure,k is the unit vector in the vertical direction and θ (= (T − T C )/∆T ) is the non-dimensional temperature.
We use H, V = √ gβ∆T H and ∆T = (T H − T C ) as the scales for normalization of length, velocity and temperature, respectively.
The governing Eqs. 1-3 are solved using finite volume formulation with collocated arrangement of variables. No-slip boundary conditions are implemented on all the surfaces. For temperature, horizontal surfaces are iso-thermal and the lateral wall is adiabatic. The convective term is approximated using the 2nd-order Adams-Bashforth scheme while the buoyancy and diffusive terms are approximated by the Crank-Nicholson scheme. Time increments of ∆t = 10 −3 and 5 × 10 −4 are used for Ra = 2 × 10 6 and 2 × 10 7 , respectively. To adequately address the issue of velocity-pressure coupling, a predictor-corrector based momentum interpolation method 48 is used as the solution technique. Bi-Conjugate Gradient While reporting direct numerical simulations an important requirement is that the grid is resolved adequately to capture the flow physics correctly at the same time it consumes less computational resources. Two criteria are imposed for calculating the grid sizes. Firstly, the boundary layers are aptly resolved, for which we necessitate that at least 10 grid points are present within the boundary layers (both near horizontal and lateral walls). As a result ∆z min ≈ δ θ /10 and ∆z min ≈ ∆r min . Secondly, the mesh size must be of the order less than or equal to the Kolmogorov scale. We implement the conditions ∆ max < ∼ η K , l max (= 2πr/N θ) < ∼ η K , ∆z max < η K and ∆r max ≈ ∆z max . Here ∆ max indicates the maximum of mean grid size calculated as (r∆φ∆r∆z) 1/3 and η K is the Kolmogorov scale estimated using the analytical formula η K ≈ π(P r 2 /RaN u) 1/4 given by Grötzbach 50 . Table  I shows the different computational grids with corresponding number of grid points within the boundary layer followed by the maximum grid size in the azimuthal and axial direction, and the maximum mean grid size, normalized with the Kolmogorov scale for both the Rayleigh numbers at Ro −1 = 0 and 10. The Nusselt number at the bottom wall is computed as N u = ∂θ/∂z A,t , where .. A,t represents averaging over horizontal plane and time. Further, the volume averaged Nusselt number over the entire domain N u vol = 1 + √ RaP r wθ ( .. denotes averaging over volume and time) is also calculated. Both values agree well and the difference between the N u vol (or N u ) values computed at the coarsest and finest grid for both Ra is less than 2%, which indicates a good grid convergence. To further confirm the spacial resolution, the ratio of the numerical to the theoretical estimate of the viscous ( = α(∆T ) 2 N uH −2 are their analytical counterparts 51 . Note that the theoretical estimates of the dissipation rates are functions of Nusselt number, for which we substitute the corresponding numerically obtained value 29, 52 . The ratios are always close to unity (minimum ≈ 0.978), suggesting that the present grid is well resolved to perform the proposed numerical calculations. Con-sidering the computational cost and the accuracy of the above mentioned parameters, a grid size of 50 × 101 × 101 and 101 × 175 × 201 are chosen for Ra = 2 × 10 6 and 2 × 10 7 , respectively.
III. RESULTS AND DISCUSSIONS
In this section we discuss the principal findings of the present work. First we establish the presence of LSC in our simulations of RBC with and without rotation. Then we study the characteristics of LSC and its relation with heat transfer, boundary layer dynamics, and the thermal and viscous dissipation rates. This is followed by a detailed discussion on the dynamics of LSC, quantified by the Fourier mode analysis. Finally, we investigate the statistics of reorientations of LSC.
A. Identification of LSC
Large-scale circulation is a coherent structure in RBC where the thermal plumes organize to form a "large-scale" convection roll with hot and cold fluid rising and dipping, respectively, along opposite sides of the lateral wall. Over the years a number of experimental 1, 6, 17, 25 and numerical 26,27,29 studies have reported presence of LSC and its associated dynamics for non-rotating RBC. However, such attempts on the dynamics of LSC for flows modulated by rotation are few. Here we focus on the identification of LSC in rotating and non-rotating RBC using flow structures and time signals of vertical velocity.
An instantaneous snapshot of the temperature iso-surfaces is shown in Fig. 2 (a) for Ra = 2 × 10 7 and Ro −1 = 0.2. Xi et al. 53 experimentally studied RBC and observed that LSC is a result of organization of the thermal plumes. On a similar note, we observe that hot and cold plumes are clustered separately along opposite side of the cylinder, thus indicating an LSC structure. The dotted line indicates an approximate azimuthal orientation of LSC. The temperature contours at the vertical mid-plane along which LSC is aligned [indicated in Fig. 2(a) ] is shown in Fig. 2(b) . For clarity, we have shown a dashed line which gives the directional overview of LSC in that plane. The hot (cold) plumes rise (fall) from the bottom (top) surface, proceed along the cylinder bulk and plunge into the boundary layer near the opposite wall. A similar flow structure is observed at higher rotation rate (Ro −1 = 0.5) shown in Fig. 2(c) , with a change in the sense of circulation. We observe similar large-scale structure at Ro −1 < 1. As we further increase the rotation, the coherence at large scale is lost. For example at Ro −1 = 2 shown in in Fig. 2(d) , the temperature contours indicate a distorted structure.
In order to characterize the LSC, time signals of vertical velocity are recorded at 36 equispaced azimuthal stations that are located at the mid-vertical plane (z = 0.5) near the lateral wall (r = 0.4R). Figure 3 shows time signals of vertical velocity at either ends of two diametrical planes separated by an angle π/2. The LSC is primarily identified by the occurrence of non-zero mean vertical velocities that are anti-correlated, shown in rectangular windows (red). Note while the LSC persists along a diameter, high-variance fluctuations are observed on the other and they switch between each other. The time over which the LSC persists along a diameter depends strongly on the rotation rate. Figure 4 shows that as rotation rate is increased the switching frequency of the signals increases. These are partly associated with reorientations of LSC along the azimuthal plane, discussed in subsequent sections. The time average vertical velocity along the above-mentioned azimuthally equispaced numerical probes is shown in Fig. 5 , where the averaging is carried out within a time over which LSC remains in a particular plane. For the non-rotating case (and low rotation rates) the profile shows a cosine function with a single cycle spanning the entire (2π) domain [see Fig. 5(a) ] which confirms the presence of LSC structure, and is consistent with previous studies 10, 17, 54, 55 . This particular nature of the flow in the azimuthal direction can be associated with the dipolar structure. As rotation rate increases to Ro −1 = 2 we find its Fourier transform is written asû
whereû k represents the k−th Fourier mode with Φ k being its phase. The first (û 1 ), second and third modes are associated with the dipolar, quadrupolar and sextupolar structure of the flow, respectively 56 . Based on the formalism proposed by Kunnen et al. 43 , Weiss and Ahlers 46 and Xi et al. 56 , we have characterized the LSC using the fraction of energy contained in the k−th mode E k /E tot , where
The evidence of LSC is often ascertained from the energy fraction of first Fourier mode (E 1 /E tot ). Figure  6 shows the variation of the energy fraction of first three Fourier modes with rotation rate. We identify different flow regimes based on the dominance of specific modes. In regime I (0 ≤ Ro −1 < ∼ 1), the first Fourier mode is clearly dominant with E 1 /E tot > 0.5 and is identified as the LSC regime. Consequently, the average vertical velocity profile along the azimuthal direction clearly shows a perfect cosine fit [see Fig. 5(a) ] as discussed before. A decrease in the energy fraction of the first Fourier mode accompanied by increase in that of second (E 2 /E tot ) with the increase in rotation rate is observed here. At high rotation rates regime II is identified (1 < ∼ Ro −1 < ∼ 10) where all the three modes share almost equal energy. As a result the vertical velocity profiles in this regime are far from perfect cosine fit, as shown in Figs. 5(b) and (c). For Ra = 2 × 10 6 although the second mode marginally dominates at moderately high rotation rates (5 < Ro −1 < ∼ 10), it declines at extremely high rotation rates. Here, we even observe a third Fourier mode dominated flow for Ro −1 > ∼ 10. This is identified as regime III, where the higher mode (second or third) shares more than 50% of the total energy. For Ra = 2 × 10 7 the second Fourier mode dominates over the other modes in regime III.
In order to make it more quantitative we also compute the strength of LSC S k1 54 , defined as 
The value of S k1 lies between 0 and 1. The strength close to unity indicates that most of the energy is contained in the first Fourier mode, i.e., E 1 /E tot ≈ 1 and the azimuthal vertical velocity profile is close to a cosine fit, thus indicating LSC. On the other hand, its value near to zero implies that the energy fraction of first Fourier mode is smaller (E 1 /E tot << 1), in effect most of the energy is contained in the higher modes and the flow behaviour is far from LSC structure. In Fig. 7 we plot the circulation strength against the rotation rate. At low rotation rates the strength is as high as 0.7, while it drops exponentially with the increase in rotation rate. We observe a perfect exponential fit as S k1 ∝ exp(−0.5Ro −1 ) and S k1 ∝ exp(−0.8Ro a higher rate for the higher Rayleigh number. Similar observation is made from the energy fraction of the first Fourier mode (refer Fig. 6 ), where it declines steeply for Ra = 2 × 10 7 . We identify the LSC regime as Ro −1 < ∼ 1 where the circulation strength is greater than 0.5. This is consistent with the observations made by Kunnen et al. 43 and Stevens et al. 47 , where they reported the break-down of LSC for Ro −1 > ∼ 0.86.
B. Effect of LSC on heat transfer and boundary layer dynamics
In the previous subsection we identified several flow regimes based on the energy contained in the Fourier modes related to the large scale circulation. In this subsection we investigate the nature of heat transfer, dissipation rates and dynamics of boundary layer in those regimes. In addition we also explore how the presence of LSC overall affects the features of the boundary layer.
In order to characterize the boundary layer we compute the thermal boundary layer thickness using three techniques. Firstly, δ sponds to the boundary layer thickness computed as the vertical distance of the peak rms of temperature from the bottom plate 58 . Finally, δ sl θ which is the boundary layer thickness calculated as the vertical distance of the point from the bottom plate where the linear fit of the time-averaged temperature profile approaches the bulk temperature 59, 60 . A sample temperature profile is shown in Fig. 8 where the geometric construction of the thermal boundary layer thickness is shown in the inset. Similar technique is adopted to compute the boundary layer thickness for all the spatial locations (r, φ).
At this point we are interested to see how the boundary layer thickness varies along and perpendicular to the plane containing LSC. Figure 9(a) shows the instantaneous temperature iso-surfaces indicating LSC structure. The time averaged flow structure for the same is shown in Fig. 9(b) , which is used to compute the thermal boundary layer thickness.
Here averaging is performed within a time-span at which LSC persists in a particular plane. The planar contours thus obtained near the top and bottom plates are shown in Fig. 9(c) , where the orientation of LSC is shown by dashed line. Close to the bottom plate, thermal boundary layer is thicker near the region where hot plumes rise and is thinner near the opposite side of the lateral wall where the cold plumes plunge into the boundary layer. Similar observation is made near the top plate. Further, we plot δ sl θ along and perpendicular to the direction of LSC in Fig. 9(d) . Note that perpendicular to LSC the boundary layer thickness varies almost symmetrically. However, along the plane containing LSC, δ sl θ shows an asymmetric trend, as it is thicker at one side and thinner near the opposite side of the lateral wall. This is consistent with the time traces of vertical velocity discussed in the previous subsection (refer Fig. 3 ), wherein, across LSC the signals show high-variance, zero-mean fluctuations and along LSC they exhibit non-zero mean with negative correlation near opposite sides of the lateral wall. Figure 10 (a) shows the comparison between the thermal boundary layer thickness computed by different methods for Ra = 2×10 7 . The boundary layer thickness remains constant at low rotation rate and increases at higher rotation rates. We observe that at low rotation rates, boundary layer thickness obtained from all three methods are consistent, while at high rotation rates (Ro −1 > ∼ 10) the one computed from the rms profile underpredicts the other two. Similar observation was made by Zhou et al. 59 in two-dimensional RBC, where the thickness from the rms method was found about 20% below that obtained from the slope method. The variation of azimuthal averaged boundary layer thickness δ sl θ φ along the radial direction is shown in Figs. 10 (b) and (c). We find that, the boundary layer is thinner (and almost same as the non-rotating case) at low rotation rates and increases considerably at higher rotation rates. The effect of rotation is evident near the core region of the cylindrical domain. However, it is less apparent near the lateral wall due to the near wall viscous effects. Further, we observe that for low rotation rates, particularly in the LSC regime [red lines in Figs. 10(b) and (c)], the boundary layer is thicker near the wall and thinner near the core region, while at high rotation rates the trend is reversed. As rotation rate increases, the flow stabilizes as per Taylor Proudman theorem 61,62 and the temperature field approaches a conduction-like profile. Here we identify that flow stabilization is reflected noticeably near the core region as δ sl θ φ is much thicker along the core compared to that near the lateral wall.
Two quantities which play an important role in local and global heat transport process are the thermal and viscous dissipation rates. The global average of dissipation rates are connected to the global heat transport through the analytical relations Here we analyze the dissipation rates and their association with the orientation of LSC. The contours of thermal and viscous dissipation rates near the top and bottom plates [at the same instant as in Fig. 9(a) ] are shown in Figs. 11(a) and (b) , where the azimuthal orientation of LSC is represented by the dashed line. We observe that the dissipation rates vary significantly along the direction of LSC. The thermal and viscous dissipations are maximum in the regions where the plumes collide with the boundary layer. Similar highamplitude dissipation events associated with the collision of thermal plumes were observed by Schumacher and Scheel 67 . Further, the contours of Nusselt number at the top and bottom plates are shown in Fig. 11(c) , which also suggests maximum heat transfer occurs at locations where the plume collide with the boundary layer.
Next we discuss the behaviour of the Nusselt number which is a measure of heat transport, and dissipation rates in different flow regimes. Figure 12 shows the variation of average Nusselt number with rotation rate at different Rayleigh numbers. In regime I (0 ≤ Ro −1 < ∼ 1) or LSC regime, heat transfer remains almost constant. As rotation rate increases Nusselt number drops linearly as N u ∝ 1/Ro in regime II given by 1 < ∼ Ro −1 < ∼ 10. However, at high rotation rates (Ro −1 > ∼ 10, regime III) the Nusselt number shows a power law behaviour, N u ∝ (1/Ro) b , with the exponent b = −0.93 and −0.53 for Ra = 2 × 10 6 and 2 × 10 7 , respectively. The solid red and blue lines in Fig. 12 represent the corresponding linear and power law fits at regimes II and III, respectively. Figure 13 shows the ensemble averaged non-dimensional dissipation rates, u = P r/Ra |∇u| 2 and θ = 1/RaP r |∇θ| 2 , normalized by the corresponding nonrotating dissipation rates o u and o θ , respectively, for different rotation rates. In regime I where LSC is observed both dissipation rates remain almost constant and close to the non-rotating value. However, at higher rotation rates a significant departure from the nonrotating case is noticed. At regime II the dissipation rates decrease linearly with rotation rate, as observed for the Nusselt number. This is followed by rotation dominated regime III where they follow a power law behaviour as ∝ (1/Ro) b , with exponent b = −1.95 and −0.68 for Ra = 2 × 10 6 and 2 × 10 7 , respectively, for u , while θ follows the same power law as that of N u .
In RBC, dissipation fields are often expected to follow a log-normal distribution 68 . However, considerable deviations due to the highly intermittent nature of the local dissipation has also been reported [69] [70] [71] [72] . In Fig. 14 , PDF of thermal dissipation rate is represented in log-normal coordinates, where µ and σ indicate the mean and standard deviation of log θ . In the LSC regime, both u and θ follow the log-normal behaviour. However at regime III, a clear departure from log-normality is noticed (Ro −1 = 10). Further, the tails of PDF become shorter at regime III, implying a reduced probability of high-amplitude dissipation events. We now examine the spatial distribution of the viscous and thermal dissipation rates in turbulent RRBC. The variation of the horizontal plane and time averaged dissipation rates along the vertical direction are shown in Fig. 15 , where the complete profile of θ A,t is shown in the inset (a). We observe that maximum value of the dissipation rates occur at the top and bottom plates which is consistent with the observations made by Zhang et al. 69 and Emran and Schumacher 73 . In the LSC regime, the bulk region shows negligible thermal dissipation (in comparison to boundary layers), indicating most of the thermal energy is dissipated near the thermal boundary layers. As rotation rate increases (regime III) the magnitude of thermal dissipation decreases near the top and bottom surfaces. The straight vertical lines in regime III suggest that the energy is dissipated more uniformly throughout the domain. On a similar note, the viscous dissipation also follows a different profile in the LSC regime compared to that at high rotation rates. In the LSC regime two local peaks are identified in the u A,t profile before it becomes stable near the bulk region. However at regime III, only a single peak is identified. As rotation rate increases the average dissipation rates decrease and, u A,t and θ A,t approaches steady profiles, as all the velocity and temperature fluctuations in the system are damped out. The stabilizing effect of rotation on RBC is evident from these profiles. In the following subsection we discuss the dynamics of LSC, mainly the changes in the azimuthal direction and further present their statistics.
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C. Dynamics of reorientations
The vertical plane containing LSC is known to show spontaneous and erratic drifts or directional changes with time [12] [13] [14] [15] [16] . These sudden and significant changes in the orientation of LSC are referred as reorientations of LSC 17 . During some reorientations the amplitude of the first Fourier mode almost drops to zero and such events are termed as cessation-led reorientations. While in others, the LSC rotates azimuthally without considerable change in the amplitude of the first Fourier mode 10, 11 . These are referred as rotation-led reorientations. Although these events are reported experimentally by Brown et al.
11 , Brown and Ahlers
17
and Xi et al. 74 , confirmation by numerical studies is rare. Here we probe the dynamics and statistics of reorientations of LSC in RRBC using direct numerical simulations.
Reorientations are generally quantified using the amplitude A k = |û(k)| and phase Φ k = tan −1 (Imû(k)/Reû(k)) of the Fourier modes (refer to Eqn. 4). The characterization of reorientations of LSC is not a well established concept, but in literature we find few works in this direction. For example, Brown et al. 11 and Brown and Ahlers 17 identified the reorientations based on the phase of the first Fourier mode Φ 1 using two criteria: (a) The net angular change |∆Φ 1 | has to be greater than π/4, and (b) magnitude of the net azimuthal rotation rate |∆Φ 1 /∆t| has to be greater than π/5T eddy , where T eddy is the eddy turn over time calculated as T eddy = 2H/w rms . Here w rms is the average value of the rms of vertical velocity time signals from the previously mentioned 36 numerical probes placed at the mid-vertical plane. The above procedure results in multiple overlapping subsets of reorientations and thus requires further conditioning using quality factors to pick the appropriate reorientation. To avoid this complexity, in the present study we ensure that the azimuthal rotation rate between any two adjacent points is greater than the specified cutoff (π/5T eddy ). Further, we identify these reorientations as complete reversal if the phase change |∆Φ 1 | = π and as partial reversal if |∆Φ 1 | = π, as proposed by Mishra et al. 29 . The time evolution of the phase of the first Fourier mode along with the vertical velocity signals from different numerical probes are shown in Fig. 16 . Here we identify reversals by the sudden and considerable change in the phase Φ 1 , along with the switching of mean vertical velocity. At t ≈ 1380, a complete reversal is observed, where the phase change |∆Φ 1 | ≈ π. This is accompanied by the switching of mean flow across all the probes. However, for the reversal at t ≈ 1810, the mean value of w does not switch at all probes. Clearly, at probes S 4 (φ = π/6), S 22 (φ = 7π/6), S 16 (φ = 5π/6) and S 34 (φ = 11π/6) the mean vertical velocity remains unaltered, while it switches sign at S 10 (φ = π/2) and S 28 (φ = 3π/2). This is a partial reversal where the phase change is less than π. We observe several partial reversals in our simulations while the number of complete reversals are very less.
To get better insights into the nature of these reversals we analyze the time evolution of the first and second Fourier modes. We observe that for RBC and RRBC at low rotation rates (where LSC persists) the first Fourier mode dominates over the other modes. In Fig . 17 , we observe that during the reorientations amplitude of the first Fourier mode A 1 = |û 1 | drops below its mean value. On closer inspection, although A 1 shows a small dip in magnitude near t ≈ 1380, the rise in the amplitude of the second mode A 2 = |û 2 | is marginal and thus the amplitude fraction A 2 /A 1 remains negligibly small. Thus we identify these as rotation-led reorientation, where the LSC structure rotates azimuthally to reorient itself to a new direction without much change in the circulation strength. Rotation-led reorientation observed for rotating RBC is shown in Fig. 18 for Ra = 2×10 and Ro −1 = 0.1. At t ≈ 2765 the phase of the first Fourier mode shows an angular change |∆Φ 1 | ≈ 2π/3. Although, A 1 shows a local minimum at this instant, A 2 is also minimal and resultantly the amplitude fraction is close to zero as shown in frame (b). However, during a different reorientation (refer Fig. 19 ) the amplitude of the first Fourier mode drops considerably (A 1 → 0) and that of the second rises. These are identified as cessation-led reorientations. Here the strength of LSC diminishes at the cessation point (peak of A 2 /A 1 ) and the flow reorients itself at any arbitrarily chosen direction. Due to the fluctuations in the 
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11 , Brown and Ahlers 17 and Xi et al. 74 have reported similar reorientations. Occasionally, two cessations occur in quick succession, i.e., within an eddy turnover time. These are referred as double-cessations. Figure 20 shows a double-cessation observed for Ra = 2 × 10 6 and Ro −1 = 0.3. The boxed region bounds an eddy turnover time (T eddy ≈ 11 free-fall time units), within which the double-cessation occurs. The amplitude of the first Fourier mode drops (A 1 → 0) at t ≈ 1687 and t ≈ 1692, accompanied by sharp rise in the amplitude fraction A 2 /A 1 . Here we observe that the phase of first Fourier mode Φ 1 changes successively, first by |∆Φ 1 | ≈ π and second by |∆Φ 1 | ≈ π/2. The net angular change as a result of the double-cessation is accounted as the sum of these two successive events. Similar double-cessations were observed experimentally by Xi et al. 74 , and were later numerically reported by Mishra et al. 29 . The number of double-cessations observed is much fewer compared to regular (or single) cessations.
Interestingly, in our simulations, we observe more than two cessations occur within an eddy turnover time. This has not been reported before and we term this phenomenon as multiple-cessation. Figure 21 shows the multiple-cessation observed for Ra = 2 × 10 7 at Ro −1 = 0.2. The boxed region bounds an eddy turnover time within which the multiplecessation occurs. We notice that A 1 drops close to zero successively at t ≈ 2199, 2201, 2205 and 2210, and the amplitude fraction A 2 /A 1 shows sharp peaks at these locations. The discontinuities (sudden fluctuations) in the phase are jitters near −π and π. We observe only a single instance of multiple-cessation in our entire set of simulation.
Next we study the relation between cessations and the dynamics of flow structure. We observe that during cessations, as the amplitude of first Fourier mode diminishes the flow structure corresponding to the first mode (dipolar structure) becomes weak, and the quadrupolar structure corresponding to the second Fourier mode become dominant. However, after the cessation, the dipolar structure reappears accompanied by a change in the azimuthal orientation of LSC. This is consistent with the observations made by Mishra et al. 29 for non-rotating RBC. Here we substantiate this by illustrating the temperature contours at mid-plane (z = 0.5) before, during and after the cessation, as shown in Fig. 22 . Before the cessation, the contour at t ≈ 1865 follows an almost dipolar structure, where hot and cold fluid appear at opposite sides (π apart) of the lateral wall. However, during cessations, i.e., at t ≈ 2201, 2205 and 2210 (refer Fig. 21 also) the temperature contours indicate a quadrupolar behaviour. Here the hot and cold fluid are observed alternately and separated azimuthally by about π/2. After the cessations the flow goes back to the dipolar structure as shown in Figs. 22 (e) and (f).
D. Statistics of reorientations
After investigating the dynamics of reorientations of LSC, we turn our focus on its statistics. The number of reorientations (N R ) and cessations (N C ) per eddy turnover time at different rotation rates are shown in Fig. 23 for the two Rayleigh numbers. On an average we consider about 550 and 300 eddy turnover times (T eddy ) for Ra = 2 × 10 6 and 2 × 10 7 , respectively. With the increase in rotation rate we observe a considerable increase in the number of reorientations. Further, the number of reorientations are higher for lower Ra for both rotating and non-rotating RBC. Although, we observe comparatively more cessations for lower Ra, the number of cessations are quite low to arrive at any conclusion. As reported by previous studies cessations are rare phenomenons and double-cessations are much rarer. Brown and Ahlers 17 observed that cessations account for about 5% of the total reorientations. In our simulations we observe that for Ra = 2 × 10 6 nearly 4-7% reorientations are cessation-led. Likewise, for Ra = 2×10
7 the percentage of cessations is about 4%. However, for the non-rotation case at Ra = 2 × 10 7 cessations account for about 13% for the total reorientations. Since our criterion for identification of cessations depends on the amplitude fraction of the Fourier modes (A 2 /A 1 ), and that of reorientations depends on the angular change |∆Φ 1 | and angular rotation rate |∆Φ 1 /∆t|, which are independent of each other, some events appear in both the categories while some are exclusive to either cessations or reorientations. Note that the number of reorientations observed in the present study are much lesser compared to the experimental counterparts 11, 17, 74 due to the limitations in the length of time histories. Next, we quantify the possibility of occurrence of the reorientations based on the angular change |∆Φ 1 |. Figure 24 shows the probability distribution P (|∆Φ 1 |) for different rotation rates. We observe that the statistics of reorientation follow a power law distribution as
−m , where m = 3.7 ± 0.5. The power law fit is carried out by maximum likelihood estimation (MLE) 75, 76 , to prevent the errors arising due to the binning of data. MLE is preferred over least squares method which can produce substantially inaccurate estimates of parameters for the distribution due to smaller size of the data sample 76 . In MLE the parameter values of the distribution are calculated such that they maximize the likelihood function, which is the product of probability densities of the individual events. | is the minimum angular change. Similar power law fits with negative exponents are observed for all cases (rotating and non-rotating RBC), indicating a monotonically decreasing distribution of |∆Φ 1 |. This suggests that smaller reorientations are more frequent events, while the larger ones are rare occurrences. Note that the exponent is well within the range of −3.25 to −4.45 experimentally observed for different Ra by Brown and Ahlers 17 and Brown et al. 11 . The works of Xi and Xia 19 also found the slope of the power law fit to be of the order of −3.3 for unit aspect ratio container. However, all these experiments were on nonrotating RBC. In the present study, we infer that even for rotating RBC, the reorientations follow a power law distribution.
We now evaluate the occurrence of reorientations with time. For this we consider the time interval between two successive reorientations (τ ). Experimental studies by Xi and Xia 19 , Brown and Ahlers 17 and Brown et al. 11 have reported that the PDF of time interval of reorientations can be well fitted with an exponential function, which suggests that the occurrence of reorientations follows a Poisson process. Figure 25 shows the probability distribution P (τ/µ τ ) for different rotation rates (Ro −1 = 0.2 and 0.5), where the solid line shows the exponential function P (τ/µ τ ) = exp(τ/µ τ ) with µ τ the average time interval of reorientations. Note that for Ra = 2 × 10 6 the time interval is in good agreement with the exponential function, while deviations are observed in Ra = 2 × 10 7 , which might be due to the lesser number of observations. Poisson distribution of the time interval suggests that reorientations are independent of each other and they do not have any memory of the previous event 19 .
IV. CONCLUSIONS
We have presented a detailed three-dimensional numerical investigation on the dynamics and statistics of reorientations of LSC in turbulent RRBC in a unit aspect ratio cylindrical cell with P r = 0.7 and two different Rayleigh numbers Ra = 2 × 10 6 and 2 × 10 7 , for a wide range of rotation rate (0 ≤ Ro −1 ≤ 30). We have been able to identify different flow regimes based on the energy contained in the Fourier modes computed for the field recorded in the azimuthal direction of the mid-plane of the container. We find LSC dominated flow at the low rotation rate ( Ro −1 < ∼ 1) while presence of multiple roll structures like quadrupole and sextupole have been observed at higher rotation rates. Presence of LSC significantly affects the overall heat transfer and the boundary layer thickness. Along the direction of LSC, the thermal boundary layer width δ θ shows an asymmetric trend, as it is thicker at one side and thinner near the opposite side of the lateral wall. However, perpendicular to LSC, the boundary layer thickness varies almost symmetrically.
Further, the reorientations of LSC have been characterized as rotation-led and cessationled based on their nature of occurrence, and as partial and complete reversal depending on the degree of phase change. In addition to the previously reported rare events like cessations and double-cessation, an interesting event of multiple-cessation have been observed, where more than two cessations occur in quick succession. Cessation-led reorientations are rare events, which account for about 4-7% of the total number of reorientations. Doublecessations are even rarer, and multiple-cessations are the rarest of all reorientations. At moderate rotation rates, significant increase in the number of rotation-led reorientations are observed, while cessation-led ones are unaffected by rotation. Similar to non-rotating RBC, we find that the probability distribution of the reorientations exhibits a power law distribution with the exponent nearly equal to −3.7. In addition the PDF of time interval between two successive reorientations follows a Poisson distribution, which indicates that reorientations are independent of each other.
